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involve heavy cutting by a small-sized 3-axis precision milling 
machine for 250 8-hour work days per year over a 12-year 
first-use life span. By small-sized, we imply a machine with 
work area A  0.1 m2 [6]. Heavy (or high-load) cutting is 
considered here to be cutting with RMS feed forces close to 
the 400 N limit of the HFD. Only the first-use life of the 
machine is considered in the functional unit because machine 
tools are not typically discarded after first use, rather they are 
downgraded, retrofitted or resold [7]. 12 years is a reasonable 
estimate of the first-use life of a milling machine [7-9].  
In this study, the air core LMD which is part of the HFD in 
Fig. 1 has been selected as the baseline for the comparison, 
mainly because it can be considered equivalent to the HFD in 
terms of speed and accuracy [3]. It must however be noted that 
it is not exactly equivalent to the HFD in terms of load bearing 
capability. The LMD has continuous and peak force limits of 
211 and 1200 N, respectively. Therefore, it can support the 
required 400 N of RMS feed forces only for a short period of 
time. To be able to support 400 N continuously, a larger air 
core motor or an iron core motor must be used. Iron core 
motors have large attractive forces [10] thus they require 
larger guideways and generate higher frictional forces, leading 
to greater energy consumption. Using the HFD’s air core 
motor as a benchmark for the comparison therefore gives 
some unfair advantage to the LMD. However, for the purpose 
of this study, it allows for a more straightforward comparison 
based on experiments, without requiring a separate iron core 
linear motor to be used.  
In Cartesian configured machine tools, each axis can be 
considered an independent unit such that results of analyses 
carried out on one axis can be expected to apply to the other 
axes, subject to similar conditions. In this study, we focus our 
analyses on one axis (represented by the single-axis 
LMD/HFD shown in Fig. 1), with the assumption that the 
conclusions reached can be applied to the other two axes. The 
validity of this assumption and other major assumptions that 
are made in setting up the LCA are discussed in Section 4. 
Considerations for each life cycle phase are discussed in detail 
below. 
3.2. Production Phase 
The production impacts of all major components of the 
HFD that are not part of the LMD are considered in this 
phase. The energy required to manufacture all primary 
components, except for the servo drive, is calculated using 
process data in SimaPro® 7.3.3 software package. Embodied 
energies during raw material extraction and associated 
emissions arising from pre-production supply chain have been 
ignored due to lack of sufficient upstream information. (The 
results of the LCA are shown in Section 4 to be insensitive to 
this omission). All primary components are assumed to be 
composed of one material occupying a volume (and hence 
associated mass) corresponding to its outer envelope to 
simplify the use of process data. Materials and associated 
manufacturing processes have been chosen based on available 
information provided by the manufacturers of the various 
components. In some cases, choosing exact materials and 
processes was limited by their availability in the modeling 
database (SimaPro®) and close approximations were made. 
Table 2 lists the major components, their constituent material, 
bulk mass, key manufacturing process and supply chain 
assumptions. 
EIO-LCA [7] provides guidance on accounting for 
complex electronic parts such as the servo drive. Since the 
servo drive serves as an amplifier, its impacts were judged 
under the ‘electricity and signal testing instruments’ category 
using an EIO-LCA online tool [11]. 
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* Closest approximation available in SimaPro® 
3.3. Transportation 
It is assumed that the 3-axis machine is assembled in the 
Mid-West of the United States, where a large percentage of 
CNC machine production occurs. The individual components 
however are assumed to be sourced based on a three tier 
supplier structure as shown in Table 3. It is assumed that 
irrespective of where each component is sourced or produced, 
it would be transported to the Mid-West of the United States 
for assembly of the HFD. Transportation impacts of all 
components of the HFD that are not part of the LMD are 
considered.  
 
Table 3. Supply chain and transportation assumptions 
Supplier Transportation Route 
Overseas 




within China to 
get to Shanghai 
6500 miles by 
container ship from 
Shanghai to Los 
Angeles Francisco





supplier 1000 miles by truck to Illinois (US Mid-west) 
Local supplier 50 miles by delivery van 
 
In keeping with current industry trends and avoiding an 
under estimation of transportation emissions, China is 
considered the supplier of major electrical components like 
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this end, the assumptions made in setting up the LCA are 
grouped into two categories: assumptions that are biased 
towards the LMD and those that are biased towards the HFD. 
The first category of assumptions cannot change the 
conclusion of the analysis if they are relaxed. The assumption 
that analyzing one axis adequately represents the 3 axis 
machine would fall under this category. The HFD/LMD 
analyzed in this paper lies in the horizontal plane. It would 
therefore represent, for instance, the x or y axis of a vertical 
milling machine. Analysis of the z-axis would likely result in 
higher energy consumption by the LMD relative to the HFD 
because it would have to expend extra energy to support the 
force of gravity (or be fitted with a counterbalance 
mechanism). Other assumptions that fall within this category 
include using the outer envelope of the HFD components to 
estimate the component masses, using the air core linear 
motor instead of an iron core motor, and neglecting the 
constant energy consumption of the coolant pump. 
Assumptions from the second category have the potential 
to change the conclusion of the analysis. One of the major 
assumptions in this category is neglecting embodied energies 
during raw material production because of their unavailability 
in SimaPro®. Steel and aluminum, which are the main 
materials used in producing the HFD, are reported to have 
embodied energies of 20.1 and 155 MJ/kg, respectively [17]. 
Based on their total masses of 6.3 and 1.7 kg in the HFD, their 
embodied energies are respectively 126.6 and 263.5 MJ, 
which total to less than 0.5% of the 92 GJ advantage the HFD 
has over the LMD.  In the same vein, SimaPro® does not 
support analysis for Neodymium magnets which are an 
essential part of the rotary motor of the HFD. Neodymium has 
a lifecycle impact of 75 kg of CO2 equivalent per kg and an 
associated energy consumption of 173 MJ/kg [18]. The HFD 
uses only about 71 grams of additional Neodymium over the 
LMD. Thus its omission from the analysis has a negligible 
impact on the outcome. We however must acknowledge that 
Neodymium, being a rare earth metal, has social issues such 
as safety and workforce demographics [19] associated with it 
that are beyond the scope of this study. Another major 
omission in this study is the issue of reliability. The HFD has 
many additional components that can fail or degrade due to 
wear and tear. However, even if we consider a very 
conservative scenario where all components of the HFD are 
replaced whenever there is a failure, there would have to be 
37 failure instances (about 3 per year) for the energy 
consumption in the HFD’s production/transportation phases to 
equal that saved in its use phase. Judging from the examples 
cited above, the outcome of the analysis performed in this 
paper is reasonably robust to the assumptions made, because 
of the large margins for error in the obtained results. 
5. Conclusion 
This paper has presented a comparative LCA of a hybrid 
feed drive (HFD) and an equivalent linear motor drive 
(LMD). Energy savings provided by the HFD during its use 
phase are compared with the additional energy investments 
into the HFD at various phases in its life cycle. It is found that 
while the HFD has a small negative environmental impact 
during its production and transportation phases, its sustained 
use over its 12-year functional life more than makes up for it. 
This is mainly due to the over 80% reduction in metered 
energy consumption of the HFD over its LMD counterpart 
during heavy cutting. Future work will investigate the effects 
various cutting force levels on the life cycle impacts of the 
HFD relative to an LMD. 
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